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GOLDBERG, ALFRED L. Work-induced growth of skeletal muscle 
in normal and hypophysectomized rats. ‘Am. J. Physiol. 2 13(5) : 
1193-l 198. 1967.-These studies were designed to determine 
whether work-induced growth of muscle requires pituitary 
growth factors. Compensatory hypertrophy was induced in the 
rat soleus and plantaris muscles on one limb by cutting the 
tendons of the synergistic muscle, the gastrocnemius. The con- 
tralateral limb received only a sham operation and served as a 
control. Within a week, the wet weight of the plantaris of the 
operated limb was 2001, greater and that of the soleus 40% 
greater than their controls. This response required muscular 
work. Growth was evident within 24 hr and reached its maxi- 
mal extent by 5 days. Histological evidence showed that this 
weight increase was correlated with increased diameters of the 
muscle cells. The rate and extent of muscle hypertrophy were 
similar in hypophysectomized and normal animals. These 
studies support the conclusion that pituitary growth hormone 
is not essential for skeletal muscle hypertrophy and that two 
types of muscle growth can be distinguished: I) growth hor- 
mone-dependent type, and 2) work-induced hypertrpphy. 
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L IKE MOST ORGANS OF THE BODY, muscles increase in 
size in response to increased physiological demand (9). 
Although compensatory hypertrophy and the opposite 
process, disuse atrophy, represent general cellular 
responses, very little is known at present of the bio- 
chemical mechanisms through which physiological func- 
tion determines cell size. During normal development 
muscles also increase in size. Like compensatory growth 
of muscle (4, 15) this developmental growth takes place 
through the hypertrophy of existing muscle fibers and 
not by the addition of new ones (6, 11, 13). The present 
experiments were undertaken to elucidate the relation- 
ship between work-induced growth of muscles and the 
growth process that occurs during normal development. 

Received for publication 9 January 1967. 
1 This work was supported by Public Health Service Training 

Grant GM-919-05, by the Milton Fund of Harvard University, 
and by a Lederle Medical Student Research Fellowship. A prelim- 
inary report of these results has appeared previously (Physiolo- 
gist 8: 175, 1965). 

Developmental growth requires the presence of pitui- 
tary growth hormone ( 12). After hypophysectomy muscle 
growth stops abruptly (12), whereas treatment with 
hormone reinitiates the growth process (3, 10). The 
experiments described below were designed to deter- 
mine whether work-induced growth of muscle also 
requires the presence of pituitary hormones. The work 
loads of the soleus and plantaris muscles of the rat were 
increased by cutting the tendons of the synergistic 
muscle, the gastrocnemius, and the effects of this 
procedure in normal and hypophysectomized rats will 
be described. 

METHODS AND MATERIALS 

Experiments on normal and hypophyseccomized rats 
employed male animals weighing between 100 and 130 
g, which were obtained from the Charles River Breeding 
Laboratories. The hypophysectomized animals were 
studied 5-7 weeks after hypophysectomy. Animals which 
showed testicular development or increase in weight 
during this period were discarded. The rats were main- 
tained on Purina chow and were given free access to 
water. 

Compensatory hypertrophy of two muscles of the hind- 
limb was induced by an adaptation of the technique 
Denny-Brown (5). In the rat, three muscles act syner- 
gistically to extend the ankle: the tendons of the gastroc- 
nemius and smaller soleus fuse to form the Achilles 
tendon, while the intermediate-sized plantaris has its 
own tendon which also serves to extend the foot. The 
rats were anesthetized with ether. The soleus, plantaris, 
and gastrocnemius muscles were separated through an 
incision immediately above the ankle on the dorsal 
aspect of the hindlimb. The insertions of the gastroc- 
nemius in the Achilles tendon were then cut and re- 
moved so as to minimize the chances of tendon regenera- 
tion. The entire procedure was accomplished through an 
incision less than 1 cm long. On the contralateral, 
control limb, the skin was opened, and the muscle 
bundles separated, but all tendons were left intact. The 
sham-operated and tenotomized limbs were alternated in 
subsequent animals to control for possible differences 
between right and left sides. Care was taken to keep 
trauma to the adjacent tissues at a minimum, and 
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FIG. 1. Sizes of soleus and plantaris muscles after section of the 
gastrocnemius tendon in normal rats. During the first 5 days, the 
muscles of the tenotomized limb show an accelerated growth rate 
presumably in response to their increased work load. Each point 
represents the average of five animals. Standard errors are indi- 
cated. 

immedately following anesthesia the animals were ac- 
tive. They exhibited no tendency to avoid walking, but 
on the tenotomized limb, they tended to walk without 
extension of the ankle. This difference between the two 
limbs was not apparent several days later. 

Following tenotomy of the gastrocnemius, the re- 
maining soleus and plantaris muscles, which alone had 
to support the body weight on that side, performed iso- 
metric work in opposing gravity when the animal stood. 
To increase further the work load of these muscles, the 
water bottles were raised to the tops of the cages, one 
day after operation, so that the animals had to stand on 
their hindlimbs in order to drink. 

After various periods of time, the animals were 
sacrificed, and the soleus and plantaris muscles were 
dissected out of both limbs. Care was taken to remove 
excess connective tissue, especially scar tissue which 
developed following tenotomy of the gastrocnemius. A 
uniform amount of tendon was left at each end of the 
muscles. Immediately after excision, the muscles were 
rinsed in isotonic saline, blotted and weighed to the 
nearest milligram on a Roller Smith Precision Torsion 
Balance. The dry weights of the tissues were obtained by 
heating in an oven at 60 C until constant weight was 
achieved. Muscles taken for histological examination 
were maintained at their resting length during fixation 
in 10 % formalin and tissue cross sections were cut half- 
way between the two tendons. At least five animals were 
studied for each time interval. 

To determine if muscular work is required for the 
growth response, the spinal cords of anesthetized rats 
were sectioned by crushing them through the intact skin 
immediately below the rib cage. This procedure caused 
only slight subcutaneous bleeding locally and resulted 
in complete paralysis and anesthesia of the hindlimbs. 
These animals were given special care to prevent fecal 
and urinary retention. Tenotomy of the gastrocnemius 
was performed immediately after sectioning the spinal 
cord. 

RESULTS 

The reliability of the present procedures was tested by 
performing sham operations on both limbs of five 
animals. One week later the ratio of the weights of the 
right soleus to the left was 1 .O 1 & .02 1% and of the right 
plantaris to the left was 1 .OO zt .014 %. Neither in this 
nor in any subsequent experiment on hypertrophy was 
any systematic difference found between the responses of 
the muscles of the right and left limbs. Throughout these 
studies, the plantaris muscle gave consistently less vari- 
able data than the soleus, probably because the dissec- 
tion of the plantaris is simpler since it has its own 
tendon, and also since less scar tissue adhered to it 
following partial section of the Achilles tendon. 

The effects of tenotomy of the gastrocnemius on the 
sizes of the plantaris and soleus muscles of normal rats 
are shown in Fig. 1. Although the muscles of the control 
limb continued to grow at the normal rate, the muscles 
of the tenotomized limb grew at an accelerated rate. This 
compensatory growth of the muscles of the operated limb 
occurred very rapidly and ceased abruptly. Twenty-four 
hours after operation, differences between weights of the 
contralateral muscles were apparent. After the 5 days 
of accelerated growth, the process of hypertrophy ap- 
peared to be complete, and thereafter the muscles of the 
two limbs increased in weight at approximately the same 
rate, in line with total body growth. 

In Fig. 2 are shown the results of similar operations on 
hypophysectomized rats of comparable size. In these 
animals total body growth was arrested, and the weight 
of the muscles of the control limb remained constant 
throughout the period studied. The soleus and plantaris 
muscles of the operated limb, however, underwent 
compensatory growth in a manner similar to that seen 
with normal animals. Following the 5day period of 
rapid hypertrophy, the soleus and plantaris muscles of 
the hypophysectomized animals did not grow further. 
Thus in these animals, compensatory hypertrophy has 
been distinguished from normal developmental growth. 

The similarity in the responses of normal and hy- 
pophysectomized animals is further demonstrated in Fig. 
3, in which the extent of compensatory growth is ex- 
pressed as the ratio of the weights of the rapidly growing 
muscles to that of their contralateral controls. The rate 
and duration of the work-induced hypertrophy are 
virtually identical in the two groups. Only at 2 weeks 
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FIG. 2. Sizes of soleus and plantaris after section of the gastroc- 
nemius tendon in hypophysectomized rats. Rapid growth of the 
muscles of the tenotomized limb is evident. 

after operation are the differences between the two 
groups possibly significant, but the interpretation of this 
difference is complicated by the regrowth of tendon 
which occurs in the normal animals by this time. 

Within only 5 days after tenotomy of the gastroc- 
nemius, the soleus increased in mass by about 40 % 
and the plantaris by 20 %. Because of their different 
sizes, the absolute growth of the two muscles was ap- 
proximately equal. This rapid increase in muscle weight 
cannot be accounted for simply by edema (Table 1). 
Although the water content of the hypertrophied muscles 
was consistently greater than that of the controls, the 
observed increase of 1.5 % in the water content of the 
hypertrophied muscle at most can account for a 6 % 
increase in the wet weight of the muscles. Thus to a first 
approximation, the observed changes in wet weight re- 
flect parallel changes in dry weight. Recent evidence 
suggests that this slight increase in the percentage of 
water in the hypertrophied muscle is caused by increases 
in the extracellular space of the tissue. 

Five days after operation the changes in muscle size 
were evident to the naked eye as shown in Fig. 4. 
Microscopic sections of the soleus muscles photographed 
in Fig. 4 are presented in Fig. 5 with a similar prepara- 
tion from normal rats. In both hypophysectomized and 
normal rats, the average diameter of the fibers of the 
hypertrophied muscle is significantly larger than that of 
the control. The sizes of the hypertrophied soleus fibers 
varied considerably in contrast to the rather uniform ap- 
pearance of the normal rat soleus. Changes in fiber diam- 
eter with hypertrophy were less marked in the plantaris, 
in accordance with the proportionately smaller weight 
change of this muscle. In addition the great variation in 
fiber size of the normal plantaris tends to obscure general 
changes in average fiber diameter. The only difference 
seen between muscles of normal and hypophysectomized 
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FIG. 3. Comparison of the rate and extent of compensatory 
hypertrophy in normal and hypophysectomized rats. Hyper- 
trophy is expressed as the average ratios of the weights of the hyper- 
trophied muscle to its contralateral control. The animals are the 
same ones used in Fig. 1 and Fig. 2. In no instance are the response 
of the two groups of animals statistically different. 

rats is that in the normals a larger number of nuclei, 
mainly of connective tissue cells, were evident. 

In addition to the increase in fiber diameter, Fig. 5 
shows proportionately less extracellular space in the 
hypertrophied muscle, in which the fibers appear more 
closely packed. This finding, however, is probably an 
artifact arising in tissue fixation or sectioning. Direct 
measurements of extracellular space with inulinJ4C 
(unpublished findings) actually show the extracellular 
component of the hypertrophied muscle is proportion- 
ately larger than it is in the control. 

A final experiment was performed to prove that 
muscular work is in fact essential for the induction of 
this hypertrophy of the soleus and plantaris muscles. 
The usual procedures to induce hypertrophy were per- 
formed on five animals in which both limbs were para- 
lyzed as a result of crush injury to the spinal cord. Three 
days later, the animals were sacrificed and the muscles 
of the contralateral limbs were found to be the same 
weight. (The ratio of the weights of the right soleus to 
left soleus was 1 .OO St .O 18, and for the plantaris, the 
ratio was 1 .Ol =t .Ol.) This result is in contrast to those 
obtained in Fig. 1. Thus, the observed hypertrophy is 
not signalled by the sectioning of the gastrocnemius 
tendon and probably constitutes a compensatory 
response to an increased functional demand. 

DISCUSSION 

These experiments have shown that pituitary growth 
hormone is not essential for work-induced hypertrophy 
of skeletal muscle. In the hypophysectomized animal, 
compensatory growth occurred even though normal 
developmental growth had ceased. In fact following 
tenotomy of the gastrocnemius, the rapidity of onset, the 
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TABLE 1. Muscle water at various times after tenotomy 
of gastrocnemius zn hypophysectomi<ed rats 

Time Hypertrophy Control 

Soleus 

5:; 1 f%; 1 ;;;; ) :; 

\ Plantan’s 

13 hr 78.7zk.43 77.2h.29 .02 
2 days 78.4h.09 76.73t.07 .OOl 
5 days 78.1zt.28 76.6zk.33 .Ol 

12 days 77.lrf3.01 76zk.03 -01 

Muscle water expressed as g water/100 g muscle wet wt. 
Values are mea* 9~ SE. 

FIG. 4. Photograph of the soleus and plantaris muscles of a 
hypophysectomized rat 5 days after tenotomy of the gastrocne- 
mius. 

rate, and magnitude of growth in the soleus and plan- 
taris muscles were not changed by removal of the 
pituitary. These results suggest that two growth processes 
in muscle can be distinguished: I) compensatory hyper- 
trophy, which occurs in response to an increased work 
load, and 2) developmental growth, which requires 
growth hormone. 

Although work-induced hypertrophy of skeletal 
muscle occurs independently of the pituitary gland, it 
has been reported that compensatory growth of cardiac 
muscle (1) and of the kidney (9) require pituitary hor- 
mones. Beznak found that hypophysectomy prevented 
the compensatory growth of the heart which follows 
artificial coarctation of the aorta, while others (11, 14, 
20) have observed that unilateral nephrectomy which 
usually causes compensatory growth of the remaining 
kidney does not do so in hypophysectomized animals.It 
is possible that different organs have different hormonal 
requirements for compensatory hypertrophy, and that 
growth hormone may enter directly into these growth 

processes in the heart and kidney. On the other hand, 
interpretation of these findings on cardiac and renal 
hypertrophy is complicated by the fact that pituitary 
hormones also influence the work load of these organs 
and thus affect the physiological stimulus for compen- 
satory growth. For example, hypophysectomy greatly 
reduces the work load of the heart, as a result of 
the lowered blood pressure and cardiac output, and 
eventually leads to cardiac atrophy. Similarly the work 
load of the kidney is reduced following hypophysectomy, 
and renal atrophy takes place (8, 14, 17) probably as a 
result of the decreased cardiac output, reduced inulin 
and diodrast clearances (19), and the decreased food 
intake. Thus the requirement of the pituitary for cardiac 
and renal hypertrophy may reflect the importance of 
pituitary hormones in maintaining the work load of these 
organs rather than a direct role of the hormones in the 
growth process. 

Interpretation of the present experiments is consider- 
ably simpler than of the earlier studies on the heart or 
kidney. Since the major function of the soleus and plan- 
taris muscles is to oppose gravity, the work load of these 
muscles is relatively unaffected by hypophysectomy, 
even though spontaneous activity of the animals is 
reduced. In addition the control and hypertrophied 
muscles in these experiments were on contralateral limbs 
of the same animal, whereas in the studies of renal and 
cardiac hypertrophy the control and experimental 
organs were from different groups of animals in which 
the stimuli for compensatory growth were probably not 
similar. 

Two weeks after tenotomy of the gastrocnemius, 
hypertrophy of the soleus appeared to be greater in the 
hypophysectomized than in the normal rats. This dif- 
ference is probably a technical artifact, since by this 
time the sectioned tendon has almost completely re- 
generated in normal but not in the hypophysectomized 
animals. Regeneration of tendons in periods as short as 2 
weeks has been observed by others (7). The observation 
that such regenerative processes were less extensive in 
the hypophysectomized rats may reflect the reported 
ability of growth hormone to stimulate fibroblastic 
activity ( 15). 

The rapidity and extent of the compensatory growth 
observed in the present studies (Fig. 4) were striking 
and had not been anticipated. The associated increase in 
diameter of muscle fibers (Fig. 5) is in accord with 
earlier descriptions of work-induced growth of muscle as 
first made by Morpurgo (15), and more recently by 
Denny-Brown (4, 5). These workers studying the sar- 
torius of exercised dogs and the soleus of the cat, re- 
spectively, found relative weight changes of the same 
order of magnitude as those reported here. These 
observations were made after several months of increased 
muscular work. Work-induced hypertrophy to this 
extent has not previously been reported to take place so 
quickly, probably because earlier workers did not study 
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FIG. 5. Typical fibers of the hypertrophied and 
control soleus muscles in normal and hypophysec- 
tomized rats. The muscles from hypophysectomized 
animals are the same ones photographed in Fig. 4. 
Average diameter of the fibers of the control muscles 
in the normal and hypophysectomized animals were 
not significantly different. In the hypophysectomized 
animals, average diameter of fibers of the hyper- 
trophied muscle was 29 f 5% greater than in the 
controls; in normals, the hypertrophied muscle was 
24 & 4% greater. Both counts are based on 50 fibers. 
Muscles were fixed in 10% formalin and stained with 
hematoxylin and eosin. (110 X .) 

HYPERTROPMY 

the hypertrophying muscles at shorter periods of time 
after imposing the increased work load. In contrast 
with the liver or the kidney, the capacity of skeletal 
muscle to undergo rapid compensatory growth has not 
been generally recognized. 

What physiological factors serve to induce com- 
pensatory growth or to limit its extent and their bio- 
chemical mechanisms of action remain important 
questions for future research. Skeletal muscle is a most 
suitable tissue for the study of compensatory growth, 
because of its relative morphological simplicity, because 
the growth process consists of cellular hypertrophy, and 
because of the highly advanced state of our knowledge of 
muscle biochemistry. The rapidity and magnitude of 
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